Dengue virus-infected mice showed a depressed antibody response to polyvinylpyrrolidone (PVP) when compared to controls. In both control and dengue virus-infected animals which were treated with anti-thymocyte serum (ATS) and primed with PVP, there was a heightened antibody response to PVP, suggesting that the anti-PVP response was controlled by T suppressor cells. The increase in the anti-PVP response in dengue virus-infected, ATS-treated animals was found to be similar to that seen in ATS-treated controls. T cells from infected animals could transfer suppression of anti-PVP response to normal mice, whereas the T cells from control animals could not induce significant suppression. The T cells from dengue virus-infected animals which had received 2,4-dinitrofluorobenzene (DNFB) tolerogen could induce in normal mice a significantly higher percentage of tolerance to contact sensitivity to DNFB when compared to the control T cells. The adherent and B cells from both infected and control animals failed to induce significant tolerance. These findings suggested that during dengue virus infection, there is enhanced T suppressor cell activity regulating the B cell response to PVP and T cell response to DNFB.
INTRODUCTION
Dengue virus is a member of the flavivirus genus of the togaviridae. It causes encephalitis in mice when injected by the intracerebral route. This mouse model has been extensively employed to study the immunological mechanisms underlying the pathogenesis of experimental viral infection of the central nervous system (Cole & Nathanson, 1968; Nathanson & Cole, 1970 .
Dengue virus has a preference for lymphoid tissue; this has led us to undertake extensive studies on its interaction with lymphocyte functions. We have already observed that the virus suppresses the antibody-and cell-mediated immune responses to heterologous antigens , although a significant dengue virus-specific immune response can be demonstrated in these mice (Nagarkatti et al., 1978 a, b) .
It is well established that certain antigens require the help of T cells to induce antibody production while others do not. Examples of thymus-independent antigens include pneumococcal polysaccharide (Manning et al., 1972; Baker et al., 1973) , polyvinylpyrrolidone (PVP; Kerbel & Eidinger, 1971; Rotter & Trainin, 1974) , and bacterial lipopolysaccharide (LPS; Moller & Michael, 1971; Manning et al., 1972) . Although they may be helper T cellindependent, other regulatory T cells may control antibody response to these antigens (Baker et al., 1973 (Baker et al., , 1974a Barthold et al., 1974; Rotter& Trainin, 1974 There are also T suppressor cells that regulate T cell responses such as those involved in the induction of specific tolerance to contact sensitivity to 2,4-dinitrofluorobenzene (DNFB) (Phanuphak et al., 1974; Moorhead, 1976) . In our previous study we found that the tolerance induced to DNFB contact sensitization was enhanced during dengue virus infection . In the present study, we report the changes occurring in these suppressor cells induced by prior injection of tolerogen during dengue virus infection.
METHODS

Animals.
Swiss albino mice (inbred, 6 weeks old) were used. Virus. Dengue virus, serotype 3 was kindly supplied by the National Institute of Virology, Pune, India. Dengue virus antigen was prepared as described elsewhere (Nagarkatti etal., 1978a, b) and 0.03 ml containing 106 suckling mouse intracerebral LDs0 (SMICLDs0) of the virus was injected intracerebrally into each adult mouse. Control mice received 0-03 ml of a 10% (w/v) suspension of normal mouse brain by the same route.
Anti-PVP response. PVP, K60 (mol. wt. 160000) obtained from Fluka AG, Switzerland was dissolved in phosphate-buffered saline (PBS) and injected in 0.4 ml volumes intravenously into each mouse. PVP-sensitized sheep red blood cells (SRBC) were prepared as described by Inaba etal. (1978) . Briefly, to 1 voL of 3 % SRBC was added an equal volume of 0.005~ tannic acid in PBS and incubated at 37 °C for 15 min. The tanned cells were washed several times with PBS and mixed with 1 vol. of PVP solution at a concentration of 10 mg/ml and incubated at 37 °C for 15 min. The sensitized cells were washed and resuspended in PBS containing 1% normal mouse serum. This was incubated at room temperature for 10 min, washed and the concentration of cells was adjusted to 20% for the plaque-forming cell (PFC) assay. PFC to PVP were detected by the localized haemolysis in agarose gel technique essentially as described by Inaba etal. (1978) . The PVP-sensitized SRBC were mixed with spleen cells and agarose and layered on Petri dishes having a basal layer of agarose. Complement was then added and after incubation at 37 °C for 2 h, areas of clear haemolysis or plaques were counted . Uncoated SRBC were also tested for plaque formation and this background PFC number was deducted from the number obtained with PVP-coated SRBC to obtain PVP-specific plaques. Corrections for PVP-specific background PFC were not made as their number was very low (10 PFC per 107 spleen cells) in unimmunized mice.
Preparation ofA TS and anti-mouse Ig serum. The preparation of highly specific anti-thymocyte and anti-ig sera and their use to obtain purified T and B lymphocytes from spleen and lymph nodes, and likewise the preparation of adherent cells, have been described elsewhere (Nagarkatti etal., 1978b) . At a 1 : 20 dilution, our ATS caused about 90% complement-dependent cytotoxicity of thymocytes and less than 5 % of bone marrow cells. The anti-Ig serum at a dilution of 1 : 10 caused 90 ~ cytotoxicity of bone marrow cells and only about 5 ~ cytotoxicity of thymocytes. Mice were given 0-4 ml of ATS by the intraperitoneal route to deplete T cells.
Adoptive transfer of cells. Adherent, T and B cells were purified from the donor spleen and lymph nodes and injected intravenously into recipient mice at a concentration of l07 cells/mouse.
Contact sensitivity and tolerance to DNFB. Contact sensitivity to DNFB and the induction of specific tolerance to this response was studied as described previously . Mice were sensitized by placing 25 lal of 0-5 % (w/v) DNFB (Sigma) in a 4:1 acetone-olive oil mixture on the shaved abdominal skin on days 0 and 1. On day 5, a drop of 0-2% DNFB in acetone-olive oil mixture was placed on the dorsum of the ear and the ear swelling was read 24 h later, using an engineer's micrometer. The ear swelling is expressed in units, 1 unit corresponding to 2 x 10 -3 mm. To induce tolerance, mice received 0.125 mmol/kg of DNFB as tolerogen intravenously as described by Claman (1976) . Positive controls were untreated normal mice in which contact sensitivity to DNFB was tested. Negative controls received only the eliciting dose of DNFB followed by measurement of ear swelling 24 h later.
Statistical analysis. In all experiments, groups of at least six mice were used. The data, expressed as mean + standard error, were screened for statistical significance by Student's t-test and P values < 0.05 were considered to be significant. 
RESULTS
Characterization of the dose of P VP used for immunization and the kinetics of the ant#PVP response
Groups of six normal mice were immunized with 0.01, 0-1, 1, 2 and 5 f~g PVP/mouse and the PFC were enumerated 5 days later. As seen from Fig. 1 , the anti-PVP response was dosedependent and a maximum response was seen at a concentration of 1 ~tg PVP. The antibody responses to 2 and 5 p_g PVP did not differ significantly from those obtained with 1 ~g. Using 1 p.g PVP, it was observed that the anti-PVP response peaked on day 5 post-immunization (Fig.  2) . The same results were obtained in dengue virus-infected animals (results not shown). In subsequent experiments, 1 ~tg PVP was used for immunization and the response was studied 5 days later.
As seen from Fig. 3 , the dengue virus-infected animals showed a depressed PFC response to PVP when compared to the controls (P < 0.05). After treatment with ATS, the anti-PVP response in both control and infected animals rose significantly and reached the same level.
Transfer of suppressor activity against PVP response by T cells
In order to characterize the cell type responsible for suppressing the anti-PVP response during virus infection, adoptive transfer of lymphoid cells into normal recipients was carried out. Six days after dengue virus infection, spleen and lymph node cells were collected, pooled, separated into adherent, T and B cells, and injected into normal mice. These animals received PVP on the same day and the anti-PVP response was studied 5 days later. Cells from control mice were similarly processed, transferred to normal mice and the anti-PVP response studied.
The results shown in Fig. 4 indicate that only T cells from dengue virus-infected animals could induce suppression of anti-PVP response (P < 0-05) while T cells from control animals failed to do so. Adherent cells from both control and dengue virus-infected mice failed to cause suppression while injection of B cells alone caused enhancement of the response. This enhancement due to transfer of antibody-producing cells was induced to the same extent by cells from each group of animals.
Transfer of T suppressor cell activity against contact sensitivity to DNFB
The tolerogen was injected on day 6 after virus infection and also into control mice. Four days later, adherent, T and B lymphocytes were obtained and injected into normal mice. The recipient mice received the first sensitizing dose of DNFB on the same day as the cell transfer. 
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Taking the percentage of tolerance in positive and negative controls as 0 and 100 respectively, it was observed that adherent and B cells from both virus-infected and control mice failed to cause significant tolerance (Fig. 5) . Only T cells from both groups could bring about significant suppression of the DNFB contact sensitivity response. The T cells from infected mice induced a significantly higher percentage of tolerance (87~o) than those from the controls (58~o). infection on the T suppressor cells that regulate the B cell response to PVP and on the T effector cell response to DNFB contact sensitivity.
In the present study, we observed that the humoral response to PVP was suppressed during dengue virus infection (Fig. 3) . Considering that this response is dependent on B cells and regulatory T suppressor cells (Kerbel & Eidinger, 1971 ; Rotter & Trainin, 1974; , it is likely that there is suppression of intrinsic B cell function and/or enhancement of T suppressor cell function controlling the anti-PVP response during virus infection. In order to determine the specific cause, ATS was injected into PVP-primed control and dengue virus-infected animals.
Treatment with ATS led to augmentation of the anti-PVP response in both control and dengue virus-infected animals; this was thought to be due to the depletion of T cells that were having an inhibitory effect on B ceils. However, it was interesting to observe that after ATS treatment, the heightened anti-PVP response seen in dengue virus-infected animals was almost the same as that seen in controls treated with ATS. Thus, after elimination of T suppressor cells, the B cell response to PVP in dengue virus-infected mice equalled that seen in control mice depleted of T cells. This clearly suggested that dengue virus may not affect the functions of B lymphocytes directly but that it may do so indirectly by enhancing the activity of T suppressor cells.
The fact that the depressed anti-PVP response in dengue virus-infected mice was due to enhanced T suppressor cell activity was confirmed by adoptive transfer experiments in which only T cells from dengue virus-infected mice but not from the controls induced suppression of the anti-PVP response (Fig. 4) . The failure of control T cells to cause suppression in the present study is similar to the observation of who found that the intrinsic suppressor T cell activity present in normal mice before PVP priming cannot be adoptively transferred. Although the reason why this intrinsic T suppressor cell activity can be transferred from dengue virus-infected mice is not known, it may probably be due to the enhanced activity of these cells during dengue virus infection.
Contact sensitivity to DNFB in the mouse is a T cell-dependent phenomenon and it is possible to induce specific tolerance to this response with prior intravenous injection of DNFB or its related compounds (Phanuphak et al., 1974; Claman, 1976; Claman & Miller, 1976; Moorhead, 1976) . DNFB tolerance is mediated by T suppressor cells amongst others (Phanuphak et al., 1974; Moorhead, 1976) . In our earlier study we observed an enhanced immunological v.s. NAGARKATTI AND M. NAGARKATT! unresponsiveness to D N FB contact sensitization in mice infected with dengue virus (N agarkatti & Nagarkatti, 1980 ). An attempt was therefore made to characterize the responsible cell type. Only T cells could induce tolerance to the contact sensitivity response and, furthermore, T cells from dengue virus-infected mice could induce a significantly higher tolerance than those from controls (Fig. 5 ). This suggested that there is increased T suppressor cell activity regulating contact sensitization to DNFB.
Dengue virus is known to cause extensive damage to lymphoid tissue in man. In our earlier studies we observed that in human encephalitis caused by flaviviruses including dengue virus, there is depletion of T cells in the circulation (D'Souza et al., 1979) . Further work on experimental encephalitis in mice revealed that the virus suppresses the host's antibody response to thymus-dependent and -independent antigens and the delayed hypersensitivity response to SRBC . The immunosuppression to SRBC in dengue virus-infected mice has recently been reported to be caused by a cytotoxic factor produced by T cells in these mice . We have not investigated in the present study whether the immune response to PVP can be suppressed by a cytotoxic factor as in our earlier study (Nagarkatti et al., 1978b ): we could not detect any cytotoxic factor in the culture supernatants of sensitized T cells stimulated with the virus (unpublished observation). Dengue virus is known to multiply in lymphoid tissue (Halstead et aL, 1977) . If the virus were to grow preferentially in T cells, then in cell transfer experiments, more virus will be transferred by T cells than in other cell types, resulting in enhanced suppression following T cell transfer. It has been shown, however, that dengue virus replicates in B lymphocytes or in monocytes but not in T cells (Theofilopoulos et al., 1976; Halstead et al., 1977) . Also, the virus can be recovered from the spleen and lymph nodes of athymic (nu/nu) mice while the thymus of heterozygous (nu/+) mice hardly contains any virus (Hotta et al., 1981) . In the present study, following cell transfer from dengue virus-infected mice we have observed neither any clinical signs of infection nor virus in the brains of recipient mice (unpublished observation). All these findings suggest that immunosuppression observed following T cell transfer from dengue virus-infected mice is probably caused by enhanced suppressor activity of these cells and not by the possible transfer of the virus following cell transfer.
Although extensive work has been carried out to study virus-induced immunological alterations in the host, this has mainly involved the study of the nature of changes brought about by the virus in antibody-producing cells, cells involved in cell-mediated \immunity and macrophages, while there are very few reports concerning the effect on regulatory cells that control the functions of T and B cells to heterologous antigens (Morse et al., 1976) . Recently, it has been shown that T cells from dengue virus-infected mice can suppress the specific antibody response when transferred to normal mice (Chaturvedi et al., 1981b) . T cell-mediated suppression of the response to heterologous antigens, however, was not studied by these authors. The present study suggests that the virus may suppress the T and B cell responses to heterologous antigens indirectly by enhancing the activity of regulatory T suppressor cells. We have not done any further studies to find out whether the activation of T suppressor effector function is mediated by the activation of T suppressor cell-inducer or precursor cells by dengue virus.
